Present study was conducted to establish Tryptophan (Trp) needs of Xinyang greenshell laying hens by evaluating its effect on laying performance, egg quality, antioxidant capacity, and the immune functions. A total of 525 laying hens, 28 weeks of age, were randomly allocated to five treatment groups, each of which included 5 replicates of 21 hens. Hens were fed the basal diet based on corn and soybean meal for 12 weeks. L-Trp was added to the control diet at 0.0 0.02, 0.04, 0.06, and 0.08%, respectively, to achieve 0.15, 0.17, 0.19, 0.21 or 0.23% Trp. Laying rate, average egg weight, and feed conversion ratio (FCR) were significantly increased by Trp levels from 0.19 to 0.23%. Dietary Trp from 0.17 to 0.19% increased egg internal quality (albumen height and haugh unit) rather than external quality. Supplementing with Trp increased glutathione peroxidase and total superoxide dismutase activity, total antioxidative capacity concentration and decreased malondialdehyde concentration. Serum IgA concentration increased at 0.21-0.23% dietary Trp, while serum IgM increased linearly in response to dietary Trp levels. We suggest that the optimum level of dietary Trp was ranged from 0.19 to 0.21% for Xinyang green-shell laying hens under the current study conditions.
Introduction
Tryptophan (Trp) is a nutritionally essential amino acid in animals with a wide range of physiological roles. It is considered to be a substrate for protein synthesis [1] , a feed intake enhancer in livestock and poultry [2] , a contributor to improved growth performance [3] , and a factor in the generation of hormone-like substances [4] . In addition, it has been reported that a deficiency of Trp decreased antibody production in rats [5] , indicating that Trp may have a role in immune function. Apart from being a structural component of all proteins, Trp is a precursor of serotonin ]. Serotonin (a neurotransmitter) has many functions in the central nervous system to inhibit aggression and modulates stress response, including social and environmental adaptability [6] . Recent findings suggested that dietary Trp may have beneficial effects on the enzymatic and non-enzymatic antioxidant capacity in laying hens [7] , rats [8] , and fish [9] .
Tryptophan concentration in animals is the lowest of all the amino acids, and thus, it can easily become rate-limiting for protein anabolism [10] . Practical diets composed of vegetable protein sources typically result in the essential amino acids such as Trp being limiting to a similar extent after that of total sulphur amino acids, lysine, threonine and isoleucine in poultry [11] . Although many researchers conducted studies to evaluate the requirements of Trp in poultry, results of dose-response studies addressing the Trp need are variable [7, 11] . This might due to the effect of a variety of factors, such as genotype, age, and diet. Present study was conducted to establish Trp needs of chicks using Xinyang green-shell laying hens, a local strain hybridized by varieties of White Leghorns (female) and domestic green-shell (male), by evaluating the effects of different levels of Trp supplementation on their laying performance, egg quality, antioxidant capacity, and the immune functions.
Material and methods
The experiment was conducted in accordance with the Chinese guidelines for animal welfare and approved by the Animal Welfare Committee of Animal Science College, Zhejiang University.
Birds and housing
Xinyang green-shell laying hens (n = 525), 28 weeks of age, were randomly allocated to five treatment groups, each of which included 5 replicates of 21 hens. Hens were fed the basal diet based on corn and soybean meal. L-Trp (Ajinomoto, Japan) was added to the control diet at 0.0 0.02, 0.04, 0.06, and 0.08%, respectively, to achieve 0.15, 0.17, 0.19, 0.21 or 0.23% Trp. Ingredient composition and calculated nutrients are presented in Table 1 . Hens were kept in three-layer complete ladder cages (3 birds per cage) under the same managerial conditions in a ventilated room. The temperature inside the barn was 21-27°C, and relative humidity was 60-70%. The photoperiod was 16L: 8D throughout the experiment. Each cage was equipped with two nipple drinkers and one feeder. Diets were offered twice daily for ad libitum intake and laying hens had free access to water. The experiment lasted 12 week, including a oneweek acclimation period and an 11-week experimental period.
Laying performance parameters and egg quality
During the experimental period, feed residues were collected and weighted weekly to enable estimation of average daily feed intake (ADFI). Eggs from each replicate were counted and weighted daily to calculate laying rate and average egg weight. Egg mass was calculated by multiplying egg weight by egg production. Feed conversion ratio (FCR) was calculated as grams of feed intake per gram of egg mass produced. Health status and mortalities were visually observed and recorded daily during the entire experimental period. The magnitude of performance parameters such as laying rate was adjusted for hen mortalities.
At the end of the experiment, 30 eggs from each treatment were randomly collected to assess egg quality parameters. The eggs were weighed and cracked, and albumen height, haugh units, yolk colour, eggshell thickness, and eggshell strength were measured with a digital egg tester (DET-6000, NABEL, Kyoto, Japan). Eggshell thickness (without the shell membrane) was measured at the middle part of the egg.
Blood sampling and laboratory analyses
At the end of the experiment, 12 h after feed withdrawal, two birds were randomly selected from each replicate, and blood samples were collected from the axillary vein. Blood samples were drawn into Eppendorf tubes (10 ml) and centrifuged at 3000 × g for 10 min to separate out serum. The obtained serum was stored in 1.5-mL Eppendorf tubes at −70°C until analyses and thawed at 4°C before analysis. Serum concentrations or activities of total superoxide dismutase (T-SOD), catalase (CAT), glutathione peroxidase (GSH-Px), total antioxidative capacity (T-AOC), and malondialdehyde (MDA) were measured spectrophotometrically (UV-2000, Unico Instruments Co. Ltd., Shanghai, China) using commercial diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Immunoglobulins in the serum were analysed by a microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA) using a sandwich enzyme linked immunosorbent assay (ELISA) using chicken specific IgA, IgG, IgM ELISA quantitation kits (R&D company, System, Inc., McKinley Place NE Minneapolis, MN), respectively, according to the instructions of the manufacturer, and absorbance was measured at 450 nm. 
Statistical analysis
The data were expressed as means ± SE and analysed statistically by one-way ANOVA, using SPSS 18.0 for Windows (SPSS Inc., Chicago, IL). When significant differences were found (P < 0.05), Tukey post hoc tests were performed.
Results
The laying performance parameters ( Results of egg quality characteristics are provided in Table 3 . The highest value of albumen height (P < 0.05) came from 0.19% Trp group. Haugh unit in 0.17 to 0.19% Trp group was significantly higher (P < 0.05) than that of other groups. No significant difference of yolk colour, eggshell strength, and eggshell thickness was observed among all the groups (P > 0.05).
Results of antioxidant parameters in serum ( Table 4 ) showed that supplementing with Trp increased (P < 0.05) GSH-Px and T-SOD activity, T-AOC concentration, and decreased (P < 0.05) MDA concentration (P > 0.05) but had no effect on CAT activity (P > 0.05). Briefly, serum GSH-Px activity in 0.17 and 0.19% Trp group was significantly increased by 27.62% (P < 0.05) and 27.42% (P < 0.05), respectively, compared with the control group. With the increase of supplemental Trp levels, serum T-SOD activity and T-AOC contents were gradually increased, whereas serum MDA content was gradually decreased.
Regarding serum antibodies ( 
Discussion
Tryptophan plays a significant role in laying hen nutrition because it is considered to be the third-limiting amino acid, after the sulphur-containing amino acids and lysine. Most commercial diets are calculated on an amino acid basis, rather than a protein basis [12] . Therefore, it is important to have an accurate value of amino acids to use as a requirement when formulating diets. Results of dose-response studies addressing the Trp need are variable, although the [13] suggests a requirement of 160 mg per hen per d for the commercial layer. In a study using Hy-Line hens (53 week), egg production was similar among groups receiving 0.17, 0.21 or 0.23 g/kg Trp, but at 0.19 g/kg Trp, egg production had maximized significantly compared to those given 0.17 g/kg Trp [12] . By using Rhode Island Red × White Leghorn layers (25 week), researchers found that 500 mg Trp/kg diet improved the egg production rate in laying hens [14] . However, in Babcock Brown layers (40 week), the authors found that supplementing Trp had no effect on laying performance [7] . In the current study, we found that the laying performance parameters (i.e. laying rate, egg weight, and FCR) were significantly improved by dietary Trp levels (from 0.19 to 0.23%) in Xinyang green-shell laying hens (28 week).
Combining to all the aforementioned, it is clearly that the variable need for Trp in laying hens is partially due to the genotype and age.
Egg quality is important for consumer appeal and encompasses several aspects related to the shell (external quality) and to the albumen and yolk (internal quality). Egg quality has a genetic basis, and the parameters of egg quality vary between strains of hens [15, 16] . However, egg quality is also influenced by diet nutrition such as dietary protein and amino acid content [17] . Limited research has been conducted on the effects of supplemental Trp on egg quality of laying hens. In Ref. [7] , the authors found that adding 0.2 or 0.4 g/kg Trp to the basal diet (0.17% Trp) improved egg shell strength quadratically in Babcock Brown layers, but had no effect on egg internal quality. Conversely, in the current study, we found that dietary Trp from 0.17 to 0.19% increased egg internal quality (albumen height and haugh unit) rather than external quality. The mechanism of Trp regulating egg quality is not well understood due to limited references. Thus, further studies are needed to conduct to verify the role of Trp on egg quality.
It is known that serotonin, with Trp as its precursor, has many functions in the central nervous system to inhibit aggression and modulates stress response [6] , suggesting that dietary Trp may sever as a free radical scavenger, and hence have beneficial effects on the antioxidant capacity of animals. Almost all the phenomena of life and pathological processes are related to the perspectives of free radicals that can induce body damage when they are presented in excessive levels [18] . MDA can generally be used as a biomarker for free radical induced damage and can endogenously reflect lipid peroxidation, which is the consequence of diminished antioxidant protection as concentrations of reactive oxygen species increase [19] . SOD and GSH-Px are the main parameters used to assess oxidative status in the enzymatic system, while T-AOC represents enzymatic and non-enzymatic antioxidant defence systems [10, 18] .
In the current study, the higher T-AOC level, T-SOD and GSH-px activities and lower MDA concentrations due to supplemental Trp in laying hens reflect a greater antioxidant defence. In accordance with our results, previous researchers also found that Trp increased the serum SOD activity of laying hens [7] and elevated the GSH content in the hepatic tissues of rats [8] .
The present study suggested that appropriate Trp levels in the diet may have a positive effect on both the enzymatic and non-enzymatic antioxidant capacity function of laying hens.
Recent studies have also proved that Trp may play an important role in immune function. Dietary Trp deficiency has been demonstrated to reduce the levels of nutrition and to depress immune function to cause a significant increase in the susceptibility to disease infection, morbidity, and mortality in animals [20] . The addition of Trp to the control diet resulted in increasing the levels of serum IgA and IgM in the current study. Substantiating the findings on serum immunoglobulins, a previous study showed that a deficiency of Trp decreased antibody production in rats [5] . In addition, a recent study in laying hens also found that the addition of Trp at 0.4 g/kg to the basal diet (0.17% Trp) resulted in quadratically increasing the levels of serum IgM in Babcock Brown layers [7] . From the nutritional viewpoint, we speculated that amino acids affect the synthesis of effector molecules (immunoglobulins, nitric oxide, lysozyme, and complement). It is worth noting that tryptophan is not the only amino acid that affects the immune function. Researchers observed that a deficiency of phenylalanine decreased antibody production in rats [5] , while threonine supplementation increased IgG concentrations in the serum of laying hens [21] . In contrast, excess methionine [5] and leucine [22] suppressed humoral immune function in the rat. Our results indicated that Trp plays important roles in the regulation of poultry humoral immune through regulation of the generation of immunoglobulins; however, our understanding of the function of Trp in the regulation of immune response is far from complete, and its involved mechanisms require further study.
Conclusion
In conclusion, supplemental Trp to the control diet can improve laying performance, egg quality, antioxidant capacity, and the immune functions in Xinyang green-shell laying hens. We suggest that the optimum level range of dietary Trp is from 0.19 to 0.21% for Xinyang green-shell laying hens under the current study conditions.
